Oligonucleotide/oligosaccharide-binding (OB) fold is a ssDNA or RNA binding motif in prokaryotes and eukaryotes. Unexpectedly, we found that the OB fold of human ssDNA-binding protein 1 (hSSB1) is a poly(ADP ribose) (PAR) binding domain. hSSB1 exhibits highaffinity binding to PAR and recognizes iso-ADP ribose (ADPR), the linkage between two ADPR units. This interaction between PAR and hSSB1 mediates the early recruitment of hSSB1 to the sites of DNA damage. Mutations in the OB fold of hSSB1 that disrupt PAR binding abolish the relocation of hSSB1 to the sites of DNA damage. Moreover, PAR-mediated recruitment of hSSB1 is important for early DNA damage repair. We have screened other OB folds and found that several other OB folds also recognize PAR. Taken together, our study reveals a PAR-binding domain that mediates DNA damage repair. G enomic integrity is constantly challenged by various types of DNA damage, which are induced by DNA replication errors, environmental hazards, and other genotoxic stress. In response to this stress, cells activate an evolutionarily conserved pathway termed the DNA damage response (DDR), to orchestrate various cellular responses for maintaining genomic stability (1-3). It has been shown that poly(ADP ribosyl)ation plays an important role in DDR (4-6). Upon DNA damage induction, poly(ADP ribose) (PAR) polymerases (PARPs), such as PARP1, the founding member of the PARP family, rapidly detect DNA breaks, including single-strand breaks (SSBs) and double-strand breaks (DSBs), and activate PAR synthesis at or adjacent to DNA lesions (7, 8) . Recent evidence suggests that DNA damage-induced PAR may serve as a docking signal to recruit DDR factors to DNA lesions (7-14). For example, our recent study showed that the BRCT domains of BARD1 and NBS1 recognize PAR, which facilitates the rapid recruitment of the BRCA1/BARD1 complex and NBS1 to the site of DNA damage (15, 16). These results indicate that other DDR factors may also be recruited to DNA damage sites by PAR. Thus, it is important to identify other "readers" of PAR to elucidate the molecular mechanism of PAR in DDR.
G
enomic integrity is constantly challenged by various types of DNA damage, which are induced by DNA replication errors, environmental hazards, and other genotoxic stress. In response to this stress, cells activate an evolutionarily conserved pathway termed the DNA damage response (DDR), to orchestrate various cellular responses for maintaining genomic stability (1) (2) (3) . It has been shown that poly(ADP ribosyl)ation plays an important role in DDR (4) (5) (6) . Upon DNA damage induction, poly(ADP ribose) (PAR) polymerases (PARPs), such as PARP1, the founding member of the PARP family, rapidly detect DNA breaks, including single-strand breaks (SSBs) and double-strand breaks (DSBs), and activate PAR synthesis at or adjacent to DNA lesions (7, 8) . Recent evidence suggests that DNA damage-induced PAR may serve as a docking signal to recruit DDR factors to DNA lesions (7) (8) (9) (10) (11) (12) (13) (14) . For example, our recent study showed that the BRCT domains of BARD1 and NBS1 recognize PAR, which facilitates the rapid recruitment of the BRCA1/BARD1 complex and NBS1 to the site of DNA damage (15, 16) . These results indicate that other DDR factors may also be recruited to DNA damage sites by PAR. Thus, it is important to identify other "readers" of PAR to elucidate the molecular mechanism of PAR in DDR.
Previous studies have shown that human ssDNA-binding protein 1 (hSSB1) plays a key role in DDR (17) (18) (19) (20) . hSSB1 is a 211-residue polypeptide containing an oligonucleotide/oligosaccharide-binding (OB) fold at the N terminus. Following DNA damage, hSSB1 quickly relocates to DNA damage sites and regulates foci formation of other DNA damage repair proteins, such as BRCA1 and RAD51 (17, (21) (22) (23) (24) . Thus, depletion of hSSB1 impairs the repair of DSBs. In response to DNA damage, hSSB1 is phosphorylated by ATM and regulates ATM-dependent cell cycle checkpoint activation (17, (21) (22) (23) (24) . By protein affinity purifications, hSSB1 was shown to tightly associate with other proteins, such as INTS3, forming a multisubunit complex (21) (22) (23) (24) . INTS3 is a well-folded protein and previously identified as a member in the INTS complex that regulates RNA processing and gene transcription (25) . Like hSSB1, INTS3 is also quickly relocated to DNA lesions in response to DSBs and participates in DSB repair (21) (22) (23) (24) .
More recent studies have shown that hSSB1 is not only rapidly recruited to DSBs, but also interacts with the MRN complex, and may facilitate its recruitment to the DNA damage sites (18, 19) . This interaction indicates that hSSB1 is likely one of the earliest DNA damage repair proteins recruited to DNA damage sites.
However, the molecular mechanism of hSSB1 recruitment to these DNA damage sites is unclear. Here, we show that the OB-fold domain of hSSB1 is a PAR-binding domain and that DNA damageinduced PAR targets hSSB1 to the sites of DNA damage. Moreover, the interaction between PAR and hSSB1 regulates hSSB1-dependent DDR.
Results
The OB-Fold Domain of hSSB1 Binds to PAR in Vitro. It has been reported that hSSB1 relocates to DSBs within a few seconds and may function as a DNA damage sensor (19) . As the OB-fold domain is a well-known ssDNA-binding domain, it has been proposed that the OB-fold domain of hSSB1 recognizes ssDNA and facilitates the exchange of RAD51 during DSB repair (19, 20) . However, compared with other known OB-fold domains, such as that of hPOT1, the affinity between hSSB1 and ssDNA is relatively weak (Fig. S1 A and B) (20, 26) . Moreover, the OB-fold domain of hSSB1 does not specifically recognize DNA ends (17) , and ssDNA is unlikely to be generated at DSB ends within a few seconds following DSB. Thus, it is likely that the OB-fold domain of hSSB1 may have other binding partners at the sites of DNA damage.
Interestingly, PAR, a type of oligosaccharide, is synthesized by PARPs at DNA lesions within a few seconds in response to DNA damage. To examine whether hSSB1 recognizes PAR, we performed an in vitro binding assay by incubating recombinant GST tagged hSSB1 with PAR ( Fig. 1A and Fig. S1C ). Purified recombinant proteins were dot-blotted on nitrocellulose after incubation with PAR. We found that. like CHFR, a known PARbinding protein, WT hSSB1 could bind PAR. Moreover, the OB Significance Poly(ADP-ribosyl)ation is a unique posttranslational modification during DNA damage response. However, the biological function of poly(ADP-ribosyl)ation is not clear. Here, we found that human ssDNA-binding protein 1 (hSSB1), a putative DNAbinding protein, recognizes poly(ADP-ribose) (PAR) and participates in PAR-dependent DNA damage repair. hSSB1 contains an Oligonucleotide/oligosaccharide-binding (OB)-fold motif that is a well-known DNA/RNA binding domain. However, we unexpectedly found that the OB fold of hSSB1 is a PAR binding domain that recognizes the linkage of each ADP ribose unit in PAR. DNA damage-induced PAR recruits hSSB1 to the damage sites for DNA damage repair. Moreover, we found that several other OB folds also recognize PAR. Thus, our results reveal a previously unidentified molecular mechanism of PAR in DNA damage response.
fold of hSSB1 by itself is sufficient to interact with PAR, and deletion of this domain (i.e., ΔOB) abolished the interaction (Fig. 1A) . Similar results were obtained by using a reverse pulldown assay, suggesting that the OB fold of hSSB1 is required for PAR binding (Fig. 1B) .
As hSSB1 binds to ssDNA and PAR in vitro, we further performed a competition binding assay by using excess oligo dT, the best known ssDNA substrate of hSSB1 (17) , to examine the specific interaction between hSSB1 and PAR. In these assays, 50-mer poly-dT was used to compete with 30∼50-mer PAR in an increased molar ratio up to 100:1 (Fig. S1D, Upper) . The poly-dT could not compete away the interaction between PAR and hSSB1. However, when using an increased amount of 30∼50-mer PAR to compete with the binding of hSSB1 and 50-mer poly-dT, we found that PAR easily suppressed the interaction between hSSB1 and poly-dT (Fig. S1D, Lower) . These results suggest that the binding affinity between hSSB1 and PAR was much stronger than that between hSSB1 and ssDNA.
We next quantitatively measured the affinity between PAR and hSSB1 by using isothermal titration calorimetry (ITC). The K d was approximately 150 nM, which is within physiologically relevant range (Fig. 1C, Left) . The length of PAR used in ITC assay was between 10∼25-mer. The binding molar ratio between PAR and hSSB1 in the ITC assay was measured as 1:1, indicating the stoichiometric binding between the short chain of PAR and hSSB1. Deletion of the OB-fold domain of hSSB1 abolished the binding, suggesting that the OB-fold domain of hSSB1 is essential for PAR binding (Fig. 1C, Right) . As PAR is a polymer form of ADP ribose (ADPR), we further investigated the interaction between hSSB1and ADPR, the smallest unit in PAR. Unexpectedly, ITC analysis showed that hSSB1 did not interact with ADPR, indicating that hSSB1 might recognize the linkage between individual ADPR in PAR (Fig. S2A, Left) . We used phosphodiesterase to digest PAR into iso-ADPR, and purified iso-ADPR with HPLC (Fig. S2B) . Interestingly, hSSB1 has high affinity to iso-ADPR (Fig. S2A, Right) . The affinity is similar to that between iso-ADPR and the WWE motif of RNF146, a known iso-ADPR-binding domain (27) (Fig. S2C ). Taken together, these results suggest that hSSB1 recognizes the linkage between ADPR in PAR. Besides hSSB1, many other proteins have an OB-fold motif. To examine whether other OB folds also recognize PAR, we screened nine other OB-fold motifs, and found that the OB-fold motifs of CTC1, MEIOB, and hSSB2 also interact with PAR ( Fig. 1D and Fig. S3 ). In the present study, we focused on the OB fold of hSSB1, and examined the functional significance of the interaction between hSSB1 and PAR. we found that hSSB1 interacted with PAR in vivo ( Fig. 2A) . Moreover, as DNA damage induces PAR synthesis at the sites of DNA damage (7, 8) , the interaction between PAR and hSSB1 was significantly increased following ionizing radiation (IR) treatment ( Fig. 2A) . These results were confirmed by reciprocal co-IP assays (Fig. 2B ). Olaparib is a widely applied PARP inhibitor to suppress PAR synthesis. When PAR synthesis at DNA damage sites was suppressed by olaparib treatment, hSSB1 no longer interacted with PAR following IR treatment (Fig. 2C) . We also knocked down PARP1 or PARP2 by siRNA to suppress PAR synthesis, and found that depletion of PARP1 impaired the interaction between PAR and hSSB1 (Fig. S4A) . The result is in agreement with the idea that PARP1 regulates the majority of DNA damage-induced PAR synthesis (7, 8) . Taken together, these results suggest that hSSB1 interacts with PAR in vivo, especially following DNA damage.
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When PAR has been synthesized by PARPs in response to DNA damage, it is also recognized by PAR glycohydrolase (PARG), the major enzyme that hydrolyzes PAR within a few minutes following DNA damage (7, 28) . To examine whether the association between hSSB1 and PAR is regulated by PARG, we knocked down PARG by siRNA and suppressed PAR degradation. When PAR had been protected, the interaction between hSSB1 and PAR was significantly prolonged following DNA damage (Fig. S4B) . We also pretreated cells with gallotannin, a cell-permeable PARG inhibitor that suppresses the enzymatic activity of PARG and thus prolongs the t 1/2 of PAR (29, 30) . Similar results were obtained (Fig. S4C) . Collectively, these results indicate that the interaction between hSSB1 and PAR is regulated by both PARPs and PARG.
The OB fold of hSSB1 interacts not only with PAR, but also with INTS3 (23, 24) . We checked if PAR competes with INTS3 to bind hSSB1. However, PAR does not affect the hSSB1-INTS3 complex formation (Fig. S5A) . By using the pull down assay, we found that INTS3 is in a complex with the OB fold of hSSB1 and PAR. Moreover, following DNA damage, INTS3 is also associated with PAR; and hSSB1 is required for the association between INTS3 and PAR in vitro and in vivo (Fig. S5) . Taken together, these results suggest that the OB fold of hSSB1 binds to PAR and INTS3 simultaneously.
We next searched for the key residues that mediate the interaction in the OB fold. Structural analyses of other OB-fold proteins show that the OB fold contains several antiparallel β-sheets, which have multiple contact sites with nucleic acids. It is possible that the OB fold of hSSB1 uses the similar binding pocket to interact with PAR, the nucleic acid-like molecule. Based on the structure of other OB-fold domains (31, 32), we mutated several conserved residues into alanines at or close to the predicted contact sites in the OB fold of hSSB1 (Figs. S3D  and S6A ). Among the point mutants, the VL-to-AA and TG-to-AA mutant abolished the interaction with PAR and INTS3, whereas the WD-to-AA mutants abolished the interaction with PAR but does not affect the interaction with INTS3 ( Fig. 2D and Fig. S6 B and C), suggesting that these residues are likely to mediate the interaction with PAR.
PAR Regulates the Early Recruitment of hSSB1. To study the biological significance of the interaction between hSSB1 and PAR, we examined the dynamic localization of hSSB1 and PAR in response to DNA damage. We first investigated whether the OB fold of hSSB1 could be recruited to DNA damage sites following laser microirradiation. As expected, the OB fold of hSSB1 per se could relocate to DNA damage sites (Fig. S7A) . The kinetics of this early recruitment of the hSSB1 OB fold to DNA damage sites is similar to that of PAR synthesis at DNA damage sites, as both appeared at DNA damage sites within a few seconds following laser microirradiation (Fig. S7A) . Most PAR degraded within 10 min following laser microirradiation, but a subset of the hSSB1 OB-fold domain were retained at the DNA damage sites long after PAR degradation (Fig. S7A) .
We next examined the relocation kinetics of WT hSSB1 to the sites of DNA damage. As shown in Fig. 3A , the relocation kinetics of WT hSSB1 is similar to that of the OB-fold domain. Moreover, following inhibition of PAR synthesis by olaparib treatment, hSSB1 was unable to be quickly recruited to DNA damage sites, but was slowly accumulated instead ( Fig. 3A and  Fig. S7B ). We also depleted PARP1 by siRNA to suppress PAR synthesis. Again, lacking PARP1-dependent PAR synthesis suppressed the early recruitment of hSSB1 to DNA lesions (Fig.  3A and Fig. S4A ). This result is consistent with the observation that PARP1 is important for the interaction between hSSB1 and PAR in vivo following DNA damage (Fig. S4A) . It suggests that PAR initiates the fast early recruitment of hSSB1 to DNA lesions, and signals other than PAR play an important role in retaining hSSB1 at DNA damage sites. Next, to demonstrate the importance of PAR interaction in recruiting hSSB1, we expressed the DG-to-AA mutant that does not affect the interaction with PAR or INTS3, the VL-to-AA and TG-to-AA mutants that abolish the interaction with PAR and INTS3, and the WD-to-AA mutant that abolishes only the interaction with PAR but not INTS3. Of these, only the DG-to-AA mutant could be quickly recruited to and stabilized at the sites of DNA damage. The VL-to-AA and TG-to-AA mutants were not recruited to the damage sites. The WD-to-AA mutant failed to be quickly recruited to the damage site, but slowly accumulated at DNA lesions (Fig. 3B) . Taken together, these results indicate that PAR mediates the fast recruitment of hSSB1 to the sites of DNA damage, whereas the interaction with INTS3 might be important for the prolonged retention of hSSB1 at DNA lesions. 
INTS3
Mediates the Retention of hSSB1 at DNA Damage Sites. It has been shown that INTS3 and hSSB1 are two core subunits of the hSSB1-INTS complex that plays an important role in DNA damage repair. In the hSSB1-INTS3 complex, INTS3 serves as scaffold protein to interact with other subunits (21) (22) (23) (24) . INTS3 directly interacts with hSSB1 OB-fold domain and regulates the relocation of hSSB1 to DNA damage sites (21) (22) (23) (24) . To assess whether the association between PAR and hSSB1 regulates the recruitment of INTS3 to DNA damage sites, we disrupted PAR synthesis by using olaparib treatment, which abolished the early recruitment of INTS3 to DNA damage sites (Fig. 4A) . As hSSB1 mediates the association between INTS3 and PAR in vitro and in vivo, we depleted hSSB1 by siRNA and found that, like olaparib treatment, lacking hSSB1 also abolished the early recruitment of INTS3, although INTS3 could slowly accumulate at DNA damage sites (Fig. 4B) . Taken together, these results suggest that the PAR binding of hSSB1 plays an important role for the early recruitment of INTS3 to DNA damage sites. In addition, hSSB1 has a paralog hSSB2, which may have a redundant function but is expressed at much lower levels than hSSB1 (22, 24) . We depleted hSSB1 or hSSB2 by siRNA (Fig. S8A ) and found that loss of only hSSB1 but not hSSB2 suppressed the fast recruitment of INTS3 (Fig. 4B) , indicating that hSSB1 is the major partner of INTS3 in response to DNA damage.
To examine whether INTS3 is involved in retaining hSSB1 at the sites of DNA damage, we used siRNA to deplete INTS3 (Fig.  S8B) . As shown in Fig. 4C, hSSB1 could not be stabilized at the sites of DNA damage in the absence of INTS3. Moreover, hSSB1 failed to be detected at DNA damage sites when lacking PAR and INTS3. However, when cells were treated with GLTC to prolong the t 1/2 of PAR, hSSB1 was retained at DNA damage sites even when INTS3 was depleted. Taken together, our results suggest that PAR mediates the early recruitment of hSSB1 to the sites of DNA damage, whereas INTS3 retains hSSB1 for a prolonged time at DNA lesions.
PAR-Binding of hSSB1 Regulates DDR. It has been shown that hSSB1 participates in DNA damage repair. We next asked whether the PAR-mediated recruitment is important for hSSB1-dependent DNA damage repair. With comet assays, we found that lack of hSSB1 suppressed DNA damage repair following IR treatment (Fig. S9A) . When cells were reconstituted with WT hSSB1 or the DG-to-AA mutant that does not affect the interaction with PAR or INTS3, the DNA repair capacity was restored (Fig. S9A) . However, when cells were reconstituted with the VL-to-AA or TG-to-AA mutants, they still had DNA repair defects. Interestingly, when cells were reconstituted with the WD-to-AA mutant, only early DNA damage repair was impaired. Similar repair defect was also observed when cells were treated with olaparib, but the DNA repair defects were more obvious (Fig.  S9A) . This is consistent with other findings that PAR also mediates the fast recruitment of other DNA damage repair factors to DNA lesions (15, 16) . To examine the nature of the relatively fast DNA damage repair mediated by hSSB1, we used siRNA to deplete XRCC1, a key factor for ssDNA damage repair (33) (34) (35) (36) (37) . However, loss of XRCC1 did not significantly affect fast DNA damage repair (Fig. S9 B and C) . Moreover, IR treatment mainly induces DSBs, indicating that the fast repair process is for repairing DSBs, which contains homologous recombination (HR) and nonhomologous end joining (NHEJ) pathways. When cells were arrested in G1 phase by double thymidine block and the comet assays were performed, we found that hSSB1 mediates fast DNA damage repair in G1 cells (Fig.  S9D) , indicating that hSSB1 is involved in NHEJ repair. Furthermore, depletion of XRCC4, an important factor in NHEJ pathway, also impaired fast DNA damage repair (Fig. S9 B and  C) . Taken together, our results demonstrate that the early recruitment of hSSB1 by PAR is important for fast DSB repair, which is likely through the NHEJ pathway.
Discussion OB fold is a ssDNA or RNA binding domain that has been identified in proteins from prokaryotes and eukaryotes (38, 39) . Previous studies have shown that OB-fold proteins are involved in diverse cellular processes that are important for genomic stability, including DNA damage repair (38, 40, 41) . In mammalian cells, the OB-fold proteins RPA and hSSB1 have been predicted to be the homologs of bacterial ssDNA binding protein (17) . However, it has been shown that the functions of hSSB1 and RPA in DNA damage may be distinct (17, 18, 21, 22, 24) . Unlike RPA or other known OB-fold proteins, the affinity of hSSB1 for ssDNA is relatively low. Thus, it is likely that the major function of the OB fold of hSSB1 is not protein-ssDNA interaction. Here, we demonstrated that hSSB1 has high affinity with PAR and was recruited to DNA damage sites by PAR. The hSSB1 OB-fold does not recognize mono(ADP ribose). Instead, it recognizes iso-ADPR, the smallest structural unit that contains the ribose-ribose glycosidic bond unique in the polymer of ADPR. Besides PAR binding, the hSSB1 OB fold also mediates the interaction with its functional partner INTS3. As the WD-to-AA mutant disrupts the interaction only with PAR but not INTS3, it is likely that hSSB1 has separate docking sites for binding PAR and INTS3 simultaneously. Future structural analysis of the hSSB1 OB fold/iso-ADPR/INTS3 complex will reveal the molecular details of the interaction. Besides the OB fold of hSSB1, we examined other OB fold-containing protein and found that the OB folds of CTC1, MEIOB. and hSSB2 also recognize PAR in vitro and in vivo (Fig. 1D and Fig. S3 B and C) , suggesting that the OB fold is a previously unidentified class of PAR-binding domain. In particular, the OB fold of hSSB2 recognizes PAR and may participate in PAR-dependent DNA damage repair. However, as a result of relatively low expression, hSSB2 may not play a dominant role in DDR, as hSSB1 does (17, 24) . We have examined the primary sequences of these OBfold domains. However, the homology of the primary sequence between OB folds is very low. The key residues of these OB folds may exist and have been highlighted (Fig. S3D) . Because the prediction is based only on the low homology between these OB folds, further experiments need to be performed to verify the prediction. Moreover, the OB fold usually comprises a fivestranded β-sheet to form a closed β-barrel (38, 42) . However, some OB folds have one or two additional β-sheets at the flanks. These β-sheets are capped by an α-helix and connected by loops with various sequence and length (38) . Thus, it indicates that different OB folds may rely on their unique tertiary structure to recognize substrates such as PAR. Our studies suggest that, following DNA damage, one main function of PAR is to rapidly recruit DNA damage factors to DNA lesions. Here, we provide evidence that PAR mediates the early recruitment of hSSB1 and INTS3 to DNA damage sites. Besides the early recruitment, INTS3 plays an important role to stabilize the complex at DNA damage sites after PAR degradation (Fig. S10) . We have shown that the γH2AX pathway is important for stabilizing INTS3 at DNA lesions (24) . Thus, INTS3 associates with other partners at DNA lesions to stabilize the hSSB1-INTS3 complex. This biological setting is very similar to the BRCA1/BARD1 complex and the FHA/BRCT domain of NBS1, in which one module interacts with PAR for the fast recruitment to DNA damage sites, whereas the other module is responsible for the prolonged retention at DNA lesions (15, 16) . Both activities are important for DNA damage repair. As indicated by the functional analysis of mutant hSSB1 in DNA damage repair, lacking the fast recruitment of DDR factors impairs the early DNA damage repair. Prompt repair is likely to play an important role to ensure genomic stability and avoid DNA ends to be further damaged by other endogenous nucleases.
Lacking the prolonged retention at DNA lesions, DNA damage repair proteins may not be able to complete the repair of DNA lesions.
It has been shown that hSSB1 is involved in homologous recombination repair (17, 18, (21) (22) (23) (24) . Here, we found that hSSB1 also participate in fast DSB repair, which is likely through the NHEJ pathway. As hSSB1 is one of the earliest proteins recruited to DNA lesions, it is possible that the hSSB1-INTS complex is one of the important sensors for DNA damage repair. Moreover, poly(ADP ribosyl)ation plays an important role not only in DDR but also in many other cellular processes such as mitosis and telomere protection (43) (44) (45) (46) . CTC1 and MEIOB have been shown to participate in telomere protection and meiosis respectively (47, 48) . Thus, it is likely that the interaction with PAR facilitates the function of these proteins.
In summary, we have identified the OB fold of hSSB1 as a PAR-binding module, which mediates the fast recruitment of hSSB1-INTS complex to DNA damage sites and promotes early DNA damage repair.
Materials and Methods
Synthesis, Purification, and Fractionation of PAR. His-tagged human PARP1 was expressed in bacteria and purified by Ni-NTA affinity resin. PAR was synthesized and purified as described previously except for the following modifications (49) . PAR was synthesized in a 20-mL incubation mixture containing 100 mM Tris·HCl pH 7.8, 10 mM MgCl 2 , 1 mM NAD + , 10 mM DTT, 60 μg calf thymus histone, 50 μg octameric oligonucleotide GGAATTCC, and 2 mg PARP1. To generate biotinyl-PAR, 10 μM biotinyl-NAD + (Trevigen) was included in the reaction. The mixture was incubated at 30°C for 60 min and stopped by addition of 20 mL ice-cold 20% (wt/vol) trichloroacetic acid. Oligo DNA was removed by DNase I and proteins were digested by proteinase K. Purified PAR was fractionated according to chain length by anion exchange HPLC protocol as described previously (50, 51) . ADPR chains between 10-and 25-mer were collected as pooled fractions and concentrated for ITC assay.
Laser Microirradiation and Imaging of Cells. U2OS cells with or without transfection of indicated plasmids were plated on glass-bottomed culture dishes (Mat Tek). Laser microirradiation was performed by using an IX 71 microscope (Olympus) coupled with the MicoPoint Laser Illumination and Ablation System (Photonic Instruments). A 337.1-nm laser diode (3.4 mW) transmits through a specific dye cell and then yields a 365-nm wavelength laser beam that is focused through a ×60 UPlanSApo/1.35 oil objective to yield a spot size of 0.5-1 μm. Cells were exposed to the laser beam for approximately 3.5 ns. The pulse energy is 170 μJ at 10 Hz. Images were taken by the same microscope with CellSens software (Olympus).
Dot Blot. Recombinant proteins (10 pmol) were conjugated to glutathione beads and incubated with PAR (100 pmol, calculated as the ADPR unit) for 2 h at 4°C. Beads were washed with NETN-100 buffer four times. GST fusion proteins were eluted from beads by glutathione and spotted onto a nitrocellulose membrane. The membrane was blocked with 0.15 M NaCl, 0.01 M Tris·HCl, pH 7.4, 0.1% Tween 20 supplemented with 5% milk and extensively washed with the same buffer. After drying in the air, the membrane was examined by anti-PAR antibody.
GST Fusion Protein Expression and Pull-Down Assay. GST fusion proteins were expressed in Escherichia coli and purified by using standard procedures. Purified GST fusion proteins (1 pmol) were incubated with biotin-labeled PAR (5 pmol) and streptavidin beads for 2 h at 4°C. After washing with NETN-100 buffer four times, samples were boiled in SDS-sample buffer and elutes were analyzed by Western blot with anti-GST antibody.
